Abstract: The present paper numerically studies natural convection in a partially cooled square enclosure filled with a porous medium. One of the enclosure walls is heated while the middle opposite wall is partially cooled. The remaining walls are adiabatic. The governing equations which are continuity, momentum and energy equations are solved using finite element method with FlexPDE 6.20 Professional. The relevant parameters for computations are Darcy numbers (Da = 10 −5 −10 −3 ), Rayleigh numbers (Ra = 10 4 −10 6 ), Prandtl numbers (P r = 0.70 − 10) and cold length (D = 0.50). The numerical results are present in terms of isotherms, streamlines and heatlines. It is found that varied Darcy and Rayleigh numbers can lead to difference temperature flow and heat fields. The results of this study can be use in the thermal insulation of buildings and cooling systems of electronic devices.
Introduction
The fluid motion is caused by buoyancy forces that result from the density variations due to variations of temperature in the fluid. This phenomenon is known as natural convection. The problem of natural convection in enclosures has been studied extensively [1, 2, 3, 4, 5] . This is due to wide application areas in scientific and engineering applications such as thermal insulation of buildings [6] , efficient design of solar system [7] , food storage [8] , cooling of electronic equipments [9] , etc.
In the literature, there are several studies on natural convection inside a porous square enclosure. Mealey and Merkin [10] investigated the steady natural convective flow in a porous square cavity with internal heat generation. They found that boundary layers develop on the side walls with a weak eddy flow in the central region for higher values of Rayleigh number. Then, Costa et al. [11] examined the effects of a magnetic field on natural convection of electrically conducting fluids contained in differentially heated porous square cavities. They concluded that suppresion of the natural convection increases for larger values of the magnetic field. The steady natural convection in a porous square enclosure with the non-Darcy model has been introduced by Saeid and Pop [12] . They observed that the strength of fluid motion decreases with increasing the inertial effects parameter. Natural convection flow in a porous square cavity for various thermal boundary conditions has been studied by Basak et al. [13] . Their studies indicated that the heat transfer is primarily due to conduction for low Darcy number irrespective of Rayleigh and Prandtl numbers. Mahapatra et al. [14] analyzed the influence of thermal radiation on natural convection flow in a lid-driven square enclosure filled with Darcy-Forchheimer porous medium. They found that the temperature distribution decreases with an increase in the Rayleigh number.
For the study on natural convection in partially cooled enclosures, Nithyadevi et al. [15] examined the effect of aspect ratio on natural convection in a rectangular enclosure with partially thermally active vertical walls. They reported that the heat transfer rate increases with increasing the aspect ratio of the enclosure. Varol et al. [16] investigated the natural convection in a right-angle porous trapezoidal enclosure with inclined wall partially cooled. They con-cluded that aspect ratio of the cavity affects the length of convection cell. The diffusion and convection heat transport for natural convection in a differentially heated square cavity has been visualized by Mobedi et al. [17] . Their results showed that the maximum absolute value of heat function may be an appropriate parameter for determination of the convection strength. Further, Oztop [18] presented the natural convection in a partially cooled and inclined rectangular cavity filled with a porous medium. It is found that inclination angle is the dominant parameter on heat transfer and fluid motion. El-refaee et al. [19] studied the laminar natural convection in partially cooled tilted cavities. They concluded that the effects of aspect ratio and tilt angle on the rate of heat transfer becomes less significant with smaller values of opening ratio. Natural convection in a porous square cavity due to partial heating and cooling at side walls has been analyzed by Alam et al. [20] . They concluded that increasing Darcy number increases the flow strength in the cavity. Natural convection in a square cavity with partially thermally active side walls has been considered by Nithyadevi et al. [21] . They found that the heat transfer increases with increasing Grashof number. Pakdee and Rattanadecho [22] introduced the natural convection in a partially cooled square cavity filled with a porous medium. Their studies indicated that the intensity of fluid flow is stronger for higher Darcy numbers.
The objective of this paper is to investigate the temperature distribution, fluid flow and heat flow in a porous square enclosure with partially cooled on the middle right side wall. In this work, FlexPDE 6.20 Professional is a software package to solve governing equations, using finite element method. Numerical results are obtained and illustrated by isotherms, streamlines and heatlines within the cavity. The interested parameters are Darcy numbers (10 −5 ≤ Da ≤ 10 −3 ), Rayleigh numbers (10 4 ≤ Ra ≤ 10 6 ), Prandtl numbers (0.70 ≤ P r ≤ 10) and cold length (D = 0.50). Main attention is focused on the effects of Darcy and Rayleigh numbers. The paper is organized as follows. The problem definition and mathematical formulation are presented in Section 2, followed by results and discussion in Section 3. Conclusions are given in Section 4.
Problem Definition and Mathematical Formulation
A schematic of two-dimensional square enclosure filled with a fluid-saturated porous medium with the length L as shown in Fig. 1 . The left wall is heated with a constant temperature T h , the right wall is partially cooled with a constant temperature T c , where T h > T c and the cooled portion is located at the middle of In this work, the fluid-saturated porous medium is assumed to be incompressible, Newtonian and the flow is laminar. The physical properties are assumed to be constant except the density in buoyancy term. The governing equations for two-dimensional natural convection flow in a porous square enclosure using the continuity, momentum and energy equations [23] can be stated as:
with the boundary conditions
The above governing equations are transformed to dimensionless form by using the following change of variables:
The governing equations (1)- (4) are reduced to the following non-dimensional form:
To eliminating the pressure P , we use the penalty finite element method with a penalty parameter [24] such that
Typical values of γ that yield consistent solutions are 10 7 . Substituting (9) into (6) and (7), they are reduced to
with the transformed boundary conditions
The stream function (ψ) for two dimensional flows is obtained from velocity components U and V [25] . The relationships between stream function, ψ and velocity components are
From the above equation we can obtained the following relation:
The no-slip condition is valid at all boundaries as there is no cross flow. The boundary condition for stream function is ψ = 0 for all boundaries. The sign convection is as follows. Negative sign of ψ denotes clockwise circulation and anti-clockwise circulation is represented by positive sign of ψ. The heat flow in the enclosure is illustrated by using the heat function (Π)
obtained from conductive heat fluxes − ∂θ ∂X , − ∂θ ∂Y as well as convective heat fluxes (U θ, V θ). The heat function satisfies the steady energy balance equation (8) [26] such that
which yield a single equation
The boundary conditions for heat function are: Using the above definition of the heat function, the negative sign of Π represent clockwise heat flow while the positive sign of Π refers anti-clockwise heat flow.
Results and Discussion
The numerical results and discussion for the problem of natural convection in a porous square enclosure with partially cooled from middle right vertical wall are presented in this section. To analyze the numerical solutions, the procedure mentioned previously is coded into FlexPDE 6.20 Professional which is based on the finite element method. This work is performed for different parameters, Darcy numbers, Rayleigh numbers, Prandtl numbers and cold length. Effects of Darcy and Rayleigh numbers are considered. The temperature, flow and heat fields in the enclosure are displayed in terms of isotherms, streamlines and heatlines.
Effect of Darcy Numbers
Isotherms, streamlines and heatlines are plotted in Figs. 2−4 for different Darcy numbers such as Da = 10 −5 , 10 −4 and 10 −3 while Rayleigh number, Prandtl number and cold length are fixed at Ra = 10 6 , P r = 0.70 and D = 0.50, respectively. The isotherms are smooth curves for all values of the Darcy numbers considered. For Da = 10 −5 which is the smallest Darcy number in the present study. The isotherms show almost parallel distribution to the vertical walls as given in Fig. 2(a) . As Da increases to 10 −4 , the isotherms move toward to the right wall. As seen from Fig. 2(c) , the isotherms are almost parallel to the horizontal walls when Da increases to 10 −3 .
The flow consists of a single cell in clockwise rotating direction for all values of the parameters considered. At Da = 10 −5 , the streamlines are round shape and the convective motion in the cavity is found to be weak as seen from the maximum absolute value of the stream function with |ψ| max = 0.60. When Da increases to 10 −4 , the main vortex of the streamlines expands in size and the maximum absolute value of the stream function with |ψ| max = 3.50 can be observed in Fig. 3(b) . the fluid circulation elongates in the cavity and the intensity of fluid motion increases with |ψ| max = 10 due to increasing of convection mode of heat transfer. Heat distribution occurring in the enclosure is visualized by heatlines. In  Figs. 4(a)-4(c) , the heatlines are dispersed near the heated side wall and it takes negative values due to the clockwise rotation of convective heat. It is seen that at lower value of Darcy number (Da = 10 −5 ), the magnitude of the heat function are small (see Fig. 4(a) ), indicating a slow convective heat flow. As Da increases from 10 −4 to 10 −3 , the convective cell of heatlines becomes bigger and the strength of heat function is found to be stronger. It is noted that, |Π| max = 1.80 for Da = 10 −4 while |Π| max = 5 for Da = 10 −3 .
Effect of Rayleigh Numbers
Figs. 5 − 7 present isotherms, streamlines and heatlines for various values of Rayleigh number such as Ra = 10 4 , 10 5 and 10 6 and Da = 10 −4 , P r = 10 and D = 0.50.
It may be noted that, isotherms are smooth lines for all values of Rayleigh number considered. At low Rayleigh number (Ra = 10 4 ), the isotherms are distributed almost parallel to the side walls as given in Fig. 5(a) . As Ra increases from 10 5 to 10 6 , isotherm patterns are similar to the cases of Darcy number with Da = 10 −5 − 10 −4 , the isotherms are moved to almost parallel to the horizontal walls.
For all values of the parameters considered, a clockwise convection cell with negative values of the stream function in the enclosure exists. At Ra = 10 4 , circle shape was formed in the enclosure. The magnitude of the streamlines are small (|ψ| max = 0.065) indicating a very slow convective fluid flow and strong conduction heat transfer can be observed in Fig. 6(a) . When Ra increases to 10 5 , the streamlines show qualitatively similar features to the case of Da = 10 −5 and the intensity of fluid motion increases with |ψ| max = 0.60. Similar pattern of streamlines were observed at Da = 10 −4 (see Fig. 3(c) ) and the maximum absolute value of stream function is 3.50 with an increase in Ra to 10 6 .
As seen from Fig. 7(a) , the heatlines are smoothly distributed near the left wall for Ra = 10 4 . Enhanced natural convective heat transfer in the cavity is clearly displayed by a clockwise rotating cell of heatlines when Ra increases from 10 5 to 10 6 . It is observed that the maximum absolute value of heat function with |Π| max = 0.25 as Ra increases to 10 5 . For highest value of Rayleigh number (Ra = 10 6 ), heatlines patterns are qualitatively identical to Da = 10 −4 case, the heatlines circulation cell grows in size. The maximum absolute value of heat function is 1.80 as shown in Fig. 7 (c).
Conclusions
Natural convection in a porous square enclosure with the left wall is heated, the middle of the right wall is partially cooled and the others walls are adiabatic, has been analyzed numerically using FlexPDE 6.20 Professional which is based on the finite element method. The main parameters of interest are Darcy numbers, Rayleigh numbers, Prandtl numbers and cold length. The effects of Darcy and Rayleigh numbers are examined in this work. The main conclusions can be listed as follows:
(i) Both increasing the values of Darcy and Rayleigh numbers, the temperature distribution in the cavity is almost parallel to horizontal walls due to convection dominant heat transfer.
(ii) A single flow circulation cell is obtained in the clockwise direction for all values of the parameters considered.
(iii) The strength of buoyant convection flow increases with increasing Darcy and Rayleigh number and as a result the maximum absolute value of heat function increases.
(iv) There is no a single circulation cell of heatlines for low value of Rayleigh number (Ra = 10 4 ).
(v) The distribution in isotherms, streamlines and heatlines for the effect of Rayleigh numbers are partially similar to the effect of Darcy numbers. 
